 3  5 
and transport of energy, metabolism, as well as the production of noncoding RNAs 1 0 7 (small and long) and microRNAs that could be involved in targeted gene regulation. One of the major environmental variables that influence mosquito-pathogen 1 1 3 interactions, as well as vector-borne transmission, is variation in environmental 1 1 4 temperature. Mosquitoes are small ectothermic organisms, and many studies have 1 1 5 already demonstrated that temperature can markedly affect diverse aspects of mosquito 1 1 6 physiology and ecology , as well as pathogen replication. These combined effects result 1 1 7 in temperature significantly impacting the proportion of the mosquito population that 1 1 8 becomes infected, goes on to become infectious, and overall transmission potential to which temperature shapes transmission directly, through effects on pathogen biology, 1 2 1 or indirectly, through effects on mosquito immunity and physiology, remains largely In previous work (Tesla et al., 2018a) , we have demonstrated that ZIKV 1 2 4 transmission by Aedes aegypti is optimized at a mean temperature of 29°C and has a 1 2 5 thermal range from 22.7°C to 34.7°C. Further, we observed constraints on ZIKV 1 2 6 transmission at cool and warm temperatures to be mediated by different factors. Cool temperatures inhibited ZIKV transmission due to slow virus replication and escape from 1 2 8 the midgut resulting in decreased vector competence and long extrinsic incubation 1 2 9 periods. In contrast, increased mosquito mortality at hotter temperatures constrained 1 3 0 transmission, despite efficient ZIKV infection and rapid dissemination. the midgut environment, the first host environment encountered. This environment is 1 3 5 fairly complex as arboviruses encounter microbiota (Xi et al., 2008; Carissimo et al., 1 3 6 2014; Hegde et al., 2015; Saraiva et al., 2016; Barletta et al., 2017; Saldaña et al., 1 3 7 2017b), oxidative and nitration stress associated with digestion of the blood meal 1 3 8 (Luckhart et al., 1998; Graça-Souza et al., 2006; Xi et al., 2008) , and key immune factors (Campbell et al., 2008; Xi et al., 2008; Cirimotich et al., 2009 ; Sánchez-Vargas All mosquito infection work with ZIKV was approved by the University of 1 4 8
Georgia, Athens Institutional Biosafety Committee (reference number 2015-0039). at 37ºC and 5% CO 2 . Four days following inoculation, when cells showed visible 1 5 6 cytopathic effect (> 90%), supernatant containing virus was collected, cell debris was 1 5 7 cleared by centrifugation (3,500xg for 5 min), and virus was aliquoted and frozen at - fed with a non-infectious or ZIKV-containing blood-meal (10 6 PFU/mL) after a 12 hr 1 7 7 period of starvation in a manner previously described (Tesla et al., 2018b) . After the 1 7 8 feed, engorged ZIKV-exposed (n = 120) and unexposed mosquitoes (n = 120) were 1 7 9 randomly allocated across 12 paper cups (6 with ZIKV-exposed and 6 with ZIKV-1 8 0 unexposed mosquitoes, n = 20 mosquitoes per cup). Forty engorged females that fed on 1 8 1 either infectious blood or non-infectious blood were randomly distributed across one of 1 8 2 three temperature treatments, 20°C, 28°C, and 36°C (± 0.5 o C); at 80% ± 5% relative 1 8 3 respectively, with the highest overlap in gene expression occurring in mosquitoes 3 7 1 housed at 28°C and 36°C at both time points ( Supplementary Figure S2 B , Figure 4B ). Finally, as seen in the absence of ZIKV infection, at 24 hpf, only 1669 and 1797 genes 3 7 3 were differentially expressed in mosquitoes housed at 20°C and 36°C, respectively, 3 7 4 relative to those housed at 28°C. By 48 hpf, we observed a general increase in the 3 7 5 number of genes differentially expressed at 20°C (3056, Data Sheet 3) and a general 3 7 6 decrease at 36°C (1518, Data Sheet 4) relative to mosquitoes housed at 28°C. When we 3 7 7 evaluated differential expression through a volcano plot, the profile was similar to 3 7 8 mosquitoes that were not exposed to ZIKV (Supplemental Figure S 2D and Figure 4D ). Several genes that strongly increased at 20°C remained among the top 20 Despite these similarities, we did note some key differences between the top 20 3 9 8 genes most differentially expressed in unexposed (Table 1) and ZIKV-exposed from 138 and 68 fold to 3748 and 2644 fold ( Table 1 and 2). Surprisingly in ZIKV 4 0 4 exposed mosquitoes we did not detect a large up-regulation of Hsp70 at 36°C like we 4 0 5 did in the unexposed population. The GO analysis of differentially expressed genes at 48 hpf in ZIKV-exposed 4 0 7 mosquitoes demonstrated distinct effects of cool and warm temperatures on cellular and 4 0 8 metabolic function relative to mosquitoes housed at 28°C ( Figure 5 ). Further, the 4 0 9 functions of these differentially expressed genes were in part different from unexposed 4 1 0 mosquitoes housed at these temperatures (Figure 3 ). For example, , oxidative-reduction 4 1 1 processes maintained at 20°C were no longer enriched as seen in unexposed 4 1 2 mosquitoes. Instead, ZIKV-exposed mosquitoes housed at 20°C had significant 4 1 3 enrichment of the Toll signaling pathway, a known anti-dengue pathway in Ae. aegypti 4 1 4 (Tchankouo-Nguetcheu et al., 2010) . Additionally, endosome transport, Ras protein 4 1 5 signal transduction, actin cytoskeleton organization, epithelial tube morphogenesis, pH 4 1 6 reduction, and proteolysis were enriched. In contrast nuclear transport, regulation of 4 1 7 viral reproduction, "de novo" protein folding, generation of energy, gene expression, 4 1 8 RNA processing, and metabolic processes were down-regulated in addition to 4 1 9 expression associated with gene expression, RNA processing, and metabolic processes 4 2 0 observed in unexposed counterparts at this temperature ( Figure 5 ). ZIKV-exposed 4 2 1 mosquitoes housed at 36°C no longer had significant enrichment in genes associated 4 2 2 with cellular amine processes and had significant depletion in genes associated with 4 2 3 hexose and phosphate metabolic processes, as well as the generation of precursor To further explore the effects of temperature on uninfected and ZIKV-exposed 4 2 8 mosquitoes, we highlight those involved in managing oxidative stress, innate immunity, and apoptosis at both 20°C and 36°C compared to 28°C at 48 hpf (Data Sheet 5 and 6, 4 3 0
Effects of temperature on oxidative stress and innate immune mechanisms
Supplementary Figure S3 and S4). Virus infection is modified by complex responses 4 3 1 related to detoxification of the blood meal, metabolism, immunity, and apoptosis in 4 3 2 some systems. (Sanders et al., 2005; Girard et al., 2010; Tchankouo-Nguetcheu et al., 4 3 3 2010; Colpitts et al., 2011; Wang et al., 2012; Neill et al., 2015; Eng et al., 2016) .
3 4
Further, these responses need not respond equivalently to temperature variation. The 4 3 5 majority of genes involved in managing oxidative stress, innate immunity, and 4 3 6 apoptosis exhibited qualitatively different patterns in gene expression in response to 4 3 7 cool and warm temperatures in uninfected and ZIKV-exposed mosquitoes. However, 4 3 8 while significant, the majority of these differences were very subtle (< 2.0 fold; 4 3 9
Supplementary Figure S3 and S4). We did observe components of the melanization and To investigate the effects of ZIKV-exposure on global gene expression patterns 4 4 8 from mosquito midguts early on in the infection process, we compared gene expression 4 4 9 between ZIKV-exposed and unexposed mosquitoes within each temperature treatment. between ZIKV-exposed and unexposed mosquitoes varied across temperature 4 5 4 treatments. For example, at 24 hpf, we observed a total of 225, 154, and 161 genes 4 5 5 differentially expressed at 20°C, 28°C, and 36°C, respectively, between ZIKV-exposed 4 5 6 and unexposed mosquitoes (Data Sheet 7, 8 and 9). We identified only two proteins -a 4 5 7 sodium/potassium/calcium exchanger 4 (XP_001649855.2) and an uncharacterized 4 5 8 protein (XP_001654261.2) -that were up-regulated in ZIKV-exposed mosquitoes at all we observed more genes to be differentially expressed (1188 genes) in mosquitoes 4 6 2 housed at 20°C between ZIKV-exposed and unexposed mosquitoes, and only 180 and uncharacterized protein (XP_001658660.2) was up-regulated in the ZIKV-exposed indicate that while the physiological responses of mosquito midguts to ZIKV exposure 4 6 7 early in the infection process are similar within a given temperature treatment, these 4 6 8 responses are significantly distinct across different environmental temperatures. When concentrating on the top 10 most differentially expressed genes between 4 7 0 ZIKV-exposed and unexposed mosquitoes at each temperature treatment at 48 hpf 4 7 1 (Table 3) , only at 20°C did we observe genes with altered expression (enrichment or 4 7 2 depletion) of 10-fold or more. GO analysis demonstrated that functions associated with Interestingly, two vitellogenins (XP_001660818.2, XP_001657509.1) that were 4 7 8 strongly up-regulated in ZIKV-exposed and unexposed mosquitoes housed at 20°C relative to those housed at 28°C, were the genes most enriched by ZIKV exposure at the 4 8 0 cold temperature (Table 3 ). The expression of these genes did not change in response to (Adelman et al., 2013). In this study, RNA sequencing of Ae. aegpyti midguts 5 0 0 unexposed or exposed to ZIKV early in the infection process revealed different 5 0 1 transcriptional responses to variation in environmental temperature, with ZIKV 5 0 2 infection modifiying these responses to temperature.
0 3
Previously we found that temperature significantly affected the efficiency of the insect gut after a blood meal (Wang et al., 2004; Shibata et al., 2015) .
4 2
We also observed several genes involved in the innate immune response to be unexposed and ZIKV-exposed mosquitoes. Melanization is a major effector mechanism 5 4 5
of the mosquito immune response and has been implicated in the defense against a was also up-regulated. Therefore, our results suggest that cold stress triggers numerous 5 5 9
molecular changes in the mosquito, including modest changes in the levels of important 5 6 0
immune effectors that could have important consequences for arboviral infection. Contrary to what we observed at the cool temperature, exposure to hot enriched in response to the hot environment ( Feder, 1999), which may explain the rapid mosquito mortality we observed at this 5 6 7 temperature in previous work (Tesla et al., 2018a) . HSP70 has also been suggested to ZIKV exposure induced very modest effects when comparing ZIKV-exposed Supplementary Figure S5 ). This may not be entirely surprising, as ZIKV-induced differentially expressed genes between ZIKV-exposed and unexposed mosquitoes at 5 7 7 each temperature treatment (Table 3) , only at 20°C do we observe changes of 10-fold or 5 7 8 more. However, the presence of ZIKV in the blood meal did alter the response of mosquitoes to temperature variation, with the most pronounced differences occurring in 5 8 0 mosquitoes housed at the cool temperature. In particular, the midguts of ZIKV-exposed 5 8 1 mosquitoes experience enhanced signal transduction processes, pH modification, 5 8 2 midgut epithelial morphogenesis, and Toll pathway activation relative to ZIKV-exposed Additionally, vitellogenin proteins (Vg) were highly upregulated (>3000 fold) 5 9 2
when ZIKV-exposed mosquitoes were housed at cool temperatures relative to ZIKV-5 9 3 exposed mosquitoes at 28°C (Table 2) and unexposed mosquitoes at 20°C (Table 3 ). Vg is precursor egg-yolk protein, but may also function by shielding cells from the negative with honey bees suggest Vg-incubated insect cells display an increase in tolerance 5 9 7
against H 2 O 2 -induced oxidative stress (Fluri et al., 1977; Seehuus et al., 2006) . Vg also 5 9 8 binds to dying cells, suggesting it may play a role in recognizing damaged cells and 5 9 9
shielding healthy cells from toxic bi-products (Havukainen et al., 2013) . Both caspase response to buffer ZIKV-exposed mosquitoes to a higher state of oxidative stress in the midgut remain open questions that will be explored in future experiments. Finally, in ZIKV-exposed mosquitoes at 36°C, we observed peritrophin, one of 6 2 3 the components of the peritrophic matrix, to be highly up-regulated relative to ZIKV-6 2 4
exposed mosquitoes housed at 28°C ( mechanisms explaining why we detect higher viral RNA levels at this temperature in In this study we demonstrate profound effects of temperature on ZIKV viral alter the ZIKV infection process either through modifying the response of mosquitoes to 6 3 5
ZIKV infection, altering the efficiencies of viral specific processes, or more likely both. Our study focused on midgut responses early in the infection process. However, 6 3 7
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